ABSTRACT: Destruction of the normal metatarsal arch by a long metatarsal is often a cause for metatarsalgia. When surgery is warranted, distal oblique, or proximal dorsiflexion osteotomies of the long metatarsal bones are commonly used. The plantar fascia has anatomical connection to all metatarsal heads. There is controversial scientific evidence on the effect of plantar fascia release on forefoot biomechanics. In this cadaveric biomechanical study, we hypothesized that plantar fascia release would augment the plantar metatarsal pressure decreasing effects of two common second metatarsal osteotomy techniques. Six matched pairs of foot and ankle specimens were mounted on a pressure mat loading platform. Two randomly assigned surgery groups, which had received either distal oblique, or proximal dorsiflexion osteotomy of the second metatarsal, were evaluated before and after plantar fasciectomy. Specimens were loaded up to a ground reaction force of 400 N at varying Achilles tendon forces. Average pressures, peak pressures, and contact areas were analyzed. Supporting our hypothesis, average pressures under the second metatarsal during 600 N Achilles load were decreased by plantar fascia release following proximal osteotomy (p < 0.05). However contrary to our hypothesis, peak pressures under the second metatarsal were significantly increased by plantar fascia release following modified distal osteotomy, under multiple Achilles loading conditions (p < 0.05). Plantar fasciotomy should not be added to distal metatarsal osteotomy in the treatment of metatarsalgia. If proximal dorsiflexion osteotomy would be preferred, plantar fasciotomy should be approached cautiously not to disturb the forefoot biomechanics. The term metatarsalgia describes a painful condition underneath the metatarsal heads, most commonly the second metatarsal.
The term metatarsalgia describes a painful condition underneath the metatarsal heads, most commonly the second metatarsal. 1 Although it can arise from various pathologies including rheumatoid arthritis or iatrogenic conditions, the most common cause is increased plantar pressure underneath the metatarsal head. A long second metatarsal, which destroys the normal metatarsal parabola, is commonly suspected as a cause for this condition. 2 When conservative treatment options fail, surgical treatment may be warranted. Restoring the normal metatarsal parabola and normalizing the forefoot pressure distribution are the main surgical aims. 3 Currently, distal metatarsal oblique shortening osteotomy is commonly used for surgical treatment of metatarsalgia. 4, 5 Multiple modifications of this osteotomy have been described to decrease its complication of floating toe. 6 When metatarsalgia is associated with additional conditions like pes cavus or plantar fasciitis, simultaneous metatarsal osteotomy, and plantar fascia release may be indicated. 7, 8 Plantar fascia tightness is also accused for secondary metatarsalgia by some authors and sole plantar fascia release was advocated for the treatment. 9 The plantar fascia acts as a mechanical connection between the calcaneus and all five metatarsal heads, creating a biomechanical arch supporting the bones of the foot. 10 There is controversial evidence in the literature on the effects of plantar fascia release on foot mechanics. 11 Plantar flexed metatarsals, due to over pull of contracted plantar fascia, can also cause metatarsal overload as commonly seen in CharcotMarie-Tooth disease. When added to the complex reconstruction, plantar fasciotomy and metatarsal dorsiflexion osteotomy are shown to be effective for this condition. 12 An increased plantar metatarsal pressure has also been shown to be an etiologic factor for diabetic plantar ulcerations. A recent study showed that, selective plantar fascia release can lead to healing of neuropathic forefoot ulcers in diabetic patients. 13 Although plantar fascia release's effect on forefoot loading has previously been studied, to our knowledge there are no studies on the effect of PF release on forefoot loading in the presence of common metatarsal osteotomies.
The Achilles tendon has a close relation to plantar fascia both anatomically and biomechanically 14, 15 An increase in the tensile force in Achilles tendon has been reported to cause an increase on the tensile strain and tensile force in the plantar fascia. 16 In this study, we hypothesized that adding plantar fasciotomy to metatarsal osteotomies would further decrease the plantar metatarsal pressures by altering the forefoot biomechanics under different Achilles tendon tensions. To test our hypothesis, we measured the metatarsal plantar pressure distribution of cadaveric feet, which had previously received metatarsal osteotomies, before and after plantar fascia release. Two different common metatarsal osteotomies were tested because of the potential dependence of fascia-release effects on the type of osteotomy performed beforehand. Achilles tendon condition was also varied due to its relation with plantar fascia.
METHODS Specimens and Loading Setup
A total of six matched pairs of fresh frozen cadaver feet specimens were obtained from four female and two male donors with a mean age of 51.3 (range 47-58). The selected specimens were free of any known surgical operation, scar or arthritic condition. They were then assigned randomly to modified distal oblique metatarsal osteotomy or proximal oblique osteotomy with equal numbers of left and right feet in each group. The biomechanical effects of the osteotomies themselves without plantar fascia release are described in a separate report. 17 All specimens were prepared by exposing the proximal tibia and then potting into a section of PVC pipe. The potted tibia was rigidly fastened to a servohydraulic mechanical testing machine's vertical actuator ( Fig. 1) by inserting it into an attachment cup with set screws. The Achilles tendon was dissected and exposed enough for a liquid nitrogen freeze clamp to clamp onto it. A steel cable ran vertically from the freeze clamp, over a pulley, and attached to a pneumatic cylinder with a load cell. This pulley setup created a physiologic line-of-action of the tendon tension. A pressure regulator controlled the amount of Achilles tension. The plantar surface of each specimen rested on a horizontal Emed pressure mat (novel, Munich, Germany). Fastened underneath the pressure mat, an axial load cell on a horizontal bearing measured the axial load (ground reaction force) (Fig. S1 ). During axial loading, the horizontal bearing allowed the specimen to settle in a more natural orientation by removing any constraint in the horizontal plane.
The foot was held in a neutral position as it was initially lowered onto the pressure mat, which combined with the aforementioned horizontal bearing helped to minimize any contortion of the foot during testing. The tibia was translated down until a ground reaction force of 400 N was reached. Anatomical landmarks were detected by manually pressing on the pressure mat at each metatarsal, posterior point of heel and lateral, and medial forefoot. With the ground reaction force controlled to 400 N in all loading conditions, Achilles tendon force was increased as described below. Plantar pressures were recorded for each desired force condition. Average pressures, peak pressures, and contact areas were obtained and calculated using the Emed pressure mat and software. Pressures were segmented into first, second, and third adjacent metatarsal zones using the software.
Surgeries
All surgeries were performed by the senior foot and ankle fellowship-trained orthopaedic surgeon or by a clinical foot and ankle fellow under his supervision. As we previously described in additional detail, 17 for the distal modified oblique osteotomy, the second metatarsal head was exposed after a 3 cm incision was made over the metatarsophalangeal joint. A classic distal metatarsal oblique osteotomy was performed using a 1 mm thick bladed micro-sagittal saw, parallel to the floor, starting 2 mm distal to the articular cartilage. Then, a second cut was made 3 mm proximal and parallel to the first osteotomy line. The resected piece was removed and parallelism of the surface cuts was then checked for accuracy. A cannulated 2.4 mm screw was used Figure 1 . A schematic drawing showing the second metatarsal osteotomies and plantar fascia release, as well as the mechanical foot loading setup. The foot was lowered onto the pressure mat while in a neutral position, and a bearing (not shown) under the force plate removed constraint in the horizontal plane (photograph provided in Fig. S1 ). The tibia was pressed down to induce a ground reaction force of 400 N, with 0, 300, or 600 N force simultaneously applied to the Achilles tendon.
METATARSALGIA SURGERY BIOMECHANICS 801 to fix the osteotomy (Fig. 1) . This double layer modification as described earlier for simultaneous shortening and dorsal translation achieves a more anatomical shortening without plantar translation of the metatarsal head. 5 For the proximal oblique dorsiflexion osteotomy, the proximal third of the second metatarsal including the tarsometatarsal joint was exposed with a 3 cm dorsal incision. Starting 1 cm distal to the joint line, a 45-degree osteotomy was performed in proximal-to-distal direction using the micro sagittal saw with the same blade. A ruler was used to locate the second osteotomy line, which was 3 mm distal to the first cut. After the second osteotomy was completed, the parallel bony wedge was removed. The osteotomy was then closed and fixed with one cannulated 2.4 mm screw (Fig. 1) .
Loading and Plantar Fascia Release
Pressure measurements were recorded for 0, 300, and 600 N Achilles force after either distal modified or proximal osteotomy of the second metatarsal (only 0 and 600 N were analyzed with hypothesis testing). Then the plantar fasciotomy was performed in all specimens. A 3 cm incision was made on the medial side of the foot in line with the proximal plantar fascia insertion. The plantar fascia was then visualized and a complete fascia release was performed using a surgical scissor. Pressure measurements were repeated for the three Achilles forces after plantar fascia release.
Statistics
Differences in average pressures, peak pressures, and contact areas were determined between the post-osteotomy condition and the post-plantar fascia release condition within each foot. Paired t-tests were used to test if the mean difference in average and peak pressures (for each osteotomy group, metatarsal, and 0 and 600 N Achilles loading conditions) was significantly different than zero, with significance set at p < 0.05.
RESULTS
Effects of plantar fascia release may depend on which type of osteotomy was performed beforehand. Results are presented first for specimens with the modified distal osteotomy, then for specimens with proximal osteotomy. Plantar fascia release following modified distal osteotomy resulted in significant increases in average and peak pressures beneath the second metatarsal, relative to the condition pre-fascia release (post-osteotomy) (Fig. 2) . Average pressures under the second metatarsal during 0 N Achilles loading were increased by an average of 11.8 AE 9.4 kPa (p ¼ 0.028). Peak pressures were significantly increased under the 0 and 600 N Achilles loading conditions, with increases of 26.7 AE 20.7 kPa (p ¼ 0.025) and 66.7 AE 43.8 kPa (p ¼ 0.014) for 0 and 600 N Achilles force, respectively. Contact area changes associated with fascia release in these specimens are provided in Supplementary Figure S2 .
Conversely, plantar fascia release following proximal osteotomy led to significant decrease in average pressure under the second metatarsal during 600 N of Achilles load (Fig. 2) . This decrease averaged À14.2 AE 11.1 kPa (p ¼ 0.001).
Additional non-significant trends were determined for these specimens. Average and peak pressures under the first and third metatarsals in these specimens showed an average increase following plantar fasciotomy after either osteotomy, under 0 and 600 N Achilles loading conditions, although not reaching statistical significance (Fig. 2) . Average pressure under the 2nd metatarsal for the distal osteotomy group in these specimens for 600 N Achilles force increased an average of 19.6 AE 18.7 kPa (p ¼ 0.050), although not considered statistically significant. Additionally, pressure changes tended to be magnified for increasing levels of Achilles force in these samples (Fig. 2) .
DISCUSSION
Plantar fasciotomy following second metatarsal osteotomies created mixed results in our study (Fig. 2) . It caused a further decrease in peak metatarsal pressure underneath the second metatarsal after the proximal dorsiflexion osteotomy. Interestingly plantar fasciotomy added to the distal metatarsal osteotomy group showed an increase in peak metatarsal pressure underneath the second metatarsal. The findings of this biomechanical study help us in understanding the effect of plantar fascia release on metatarsal pressures in the setting of common metatarsal osteotomies performed for the treatment of metatarsalgia. Our results indicate that fasciotomy should generally not be added to distal metatarsal osteotomy in the treatment of metatarsalgia.
Jahss discussed that plantar fasciotomy release has no effect on biomechanics other than mild flattening of the arch. 11 Others reported that plantar fasciotomy influenced tarsal bone position significantly by destabilizing multiple intertarsal joints. 18 Plantar fascia release has been reported to shift the peak stress from the third to second metatarsal bone and increases the plantar ligament stress on the cuboid. Therefore, surgical release of plantar fascia should be well planned to decrease the risk of arch instability and lateral column pain due to increased overload. 19, 20 Although we performed a complete release of the plantar fascia, we observed minor changes in the arch with no collapse of the foot, which correlates with prior studies. 21 Gefen reported that removal of the plantar fascia elevated bending loads on the tarsal bones, and thereby, increased the dorsal compression stresses. He suggested that plantar fasciotomy decreased the loadbearing and shock-attenuation capabilities of the foot, which increase the chance of having metatarsal stress fractures. 22 These findings correlate with our results for the distal oblique osteotomy group but not with the proximal oblique dorsiflexion osteotomy group results.
Plantar fascia has anatomical attachments to lesser metatarsophalangeal joint lines, and acts as a sling under the metatarsal heads and helps to distribute plantar pressures (Fig. 1) . Sharkey et al. showed plantar fascia release would cause unrestrained dorsiflexion of the metatarsophalangeal joints pulling the released fascia and associated plantar tissues toward the toes, displacing these tissues relative to the metatarsal heads. 21 This pathologic mechanism may help explain our finding of increased plantar pressure underneath the metatarsal heads after plantar fasciotomy in the distal oblique osteotomy group.
Plantar fascia, on the other hand does not have any anatomical attachment to metatarsals proximally where the proximal dorsiflexion osteotomies were performed (Fig. 1) . The metatarsal pressure decrease in the proximal dorsiflexion group may be partly explained by this anatomical difference, as plantar fasciotomy would not directly affect the proximal osteotomy but rather decrease the pull on metatarsal heads distally. In the distal osteotomy, the metatarsal head was shifted directly posteriorly which may have lessened the fascia passive tension and influence of the fascia on forefoot biomechanics. Conversely in the proximal osteotomy the metatarsal shift was oblique with a smaller posterior shift of the metatarsal head, and potentially smaller effects on plantar fascia tension.
Effects of plantar fascia release are likely dependent on forces acting from the Achilles tendon. A recent study showed that plantar fascia has an anatomical relationship with the paratenon of the Achilles tendon, and triceps surae structures could be involved in plantar fascia pathologies. 15 Other authors showed that gastrocnemius lengthening would have therapeutic effects on plantar heel pain and metatarsalgia, supporting use of this procedure by many foot and ankle surgeons. 23, 24 There are some limitations in our study. We tested a limited number of six matched pairs of cadaveric feet; the study was likely not adequately powered and no clinically meaningful effect size was stated. Non-significant trends in our samples are described in the last paragraph of the Results; most notably, first and third metatarsal pressures increased on average in these specimens following fasciotomy after either osteotomy. Correction for multiple hypothesis testing was not performed, increasing the possibility of false significant findings when considering this exploratory study as a whole. Normal cadaver specimens without known metatarsalgia were tested. We also did not load the extrinsic or intrinsic muscles of the foot and ankle other than Achilles tendon. We did not test our samples in full heel raise position, but 600 N Achilles applied force was larger than an average Achilles pull; in fact we observed that the heel pad almost raised from the force plate at maximum pull which correlates with heel raise and heel plantar pressure approached to zero. 25 The applied forces in our study could be different than natural loading cycle, therefore further clinical studies are warranted to show the functional outcome of plantar fascia in conjunction with osteotomies in metatarsalgia patients.
In conclusion, the findings of this study showed that plantar fascia release causes substantial increase in second metatarsal pressures when added to the most commonly performed distal metatarsal osteotomies for the treatment of metatarsalgia, decreasing the effectiveness of these procedures. Interestingly if added to the proximal metatarsal osteotomy, plantar fascia release appears to accentuate the effect of the procedure by further decreasing the metatarsal Figure 2 . Changes in pressures associated with plantar fascia release following either modified distal or proximal osteotomy of the second metatarsal. Differences are relative to the pre-fascia release, post-osteotomy condition.
Ã Indicates mean significantly different than zero based on paired t-test (p < 0.05). Error bars indicate AE standard error.
pressures. Future clinical studies are needed to confirm our findings in a clinical setting.
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